Background. Data on how respiratory syncytial virus (RSV) genotypes influence disease severity and host immune responses is limited. Here, we characterized the genetic variability of RSV during 5 seasons, and evaluated the role of RSV subtypes, genotypes, and viral loads in disease severity and host transcriptional profiles.
Respiratory syncytial virus (RSV) is the leading cause of hospitalization in infants worldwide. The clinical spectrum of this disease is broad, and varies from a mild upper respiratory illness to severe lower respiratory tract infection (LRTI) [1] .
The role of viral factors such as RSV types and genotypes on clinical parameters of disease severity has been previously evaluated; however, results from different studies are inconclusive (Supplementary Table S1 ). There are two major RSV types, A and B, which can cocirculate during the same epidemic season. Inconsistent data suggest that RSV A is associated with more severe disease [2] [3] [4] [5] [6] [7] [8] . To determine the prevalence of RSV genotypes, molecular epidemiologic studies have been conducted in different parts of the world. In most of those studies, RSV genotyping was performed as part of a respiratory surveillance program in children of all ages, or by analyzing respiratory samples already collected per standard of care. The association between RSV genotypes, specific genotype viral loads, and their influence on clinical disease severity, or the distinct host immune profiles to individual RSV types and genotypes in infants and young children with RSV bronchiolitis have not been characterized in detail [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The objectives of this study were: (1) to define the variability of RSV A and B genotypes during 5 nonconsecutive respiratory seasons; (2) to determine if RSV subtypes, genotypes, and viral genomic loads related to specific RSV subtypes and genotypes influenced RSV disease severity in young children; and (3) to assess whether host immune profiles differed according to RSV types and genotypes.
Children's Hospital (NCH), Columbus, Ohio (2010 to 2011) were prospectively enrolled. Patients were excluded from the study if they were premature (gestational age ≤36 weeks), had a previous episode of documented RSV infection, chronic medical conditions, immunodeficiency, or had received systemic steroids or immunomodulatory drugs within 2 weeks of hospitalization. Healthy asymptomatic controls were enrolled during well-child visits or minor elective surgical procedures not involving the respiratory tract.
Monday through Friday, infants hospitalized with bronchiolitis were identified using the hospital and microbiology census. Bronchiolitis was defined as the presence of rhinitis, tachypnea, wheezing, cough, crackles, use of accessory muscles, and/or nasal flaring with or without fever [18] . Children who met the inclusion criteria and had a positive RSV test per standard of care, were enrolled within 24 (25%-75% interquartile range [IQR] ) hours of hospitalization, and a nasal wash sample was obtained for RSV typing and viral load quantitation by quantitative real time polymerase chain reaction (qrtPCR) following established procedures [19] [20] [21] [22] [23] . Nasal wash samples were also tested for other respiratory viruses in 75% of patients; 97% using a multiplex assay targeting 17 pathogens [24] and 3% by viral culture. RNA aliquots were stored at −80°C for further amplification and sequencing as described below. In a subset of infants, blood samples were also collected for transcriptome analysis using microarrays as described [25, 26] .
Clinical and demographic data were collected using a clinical questionnaire at the time of enrollment, and by chart review. Clinical illness was assessed using a standardized clinical disease severity score (CDSS) at study enrollment [21, 25] , and other parameters of severity including: length of hospital stay, administration and duration of supplemental O 2 , and pediatric intensive care unit (PICU) admission.
The Institutional Review Boards at the University of Texas Southwestern Medical Center, and Nationwide Children's Hospital approved the study, classified as a Level 1 risk clinical study, no greater than minimal risk (pursuant under 45 CFR 46.404; and 21 CFR 50.51). Informed consent procedures followed in compliance with Children's Medical Center, Dallas and Nationwide Children's Hospital Research Responsible Conduct Guidelines and written informed consent was obtained from guardians before study participation.
Genotype Analyses
Briefly, RNA was extracted from nasal wash samples, and amplification and sequencing of the second hypervariable region of the RSV G gene was performed using protocol A for patients enrolled at CMCD (2004-2009), and protocol B for those enrolled at NCH (2010-2011) (further details are described in the Supplementary Material) [16, 20] .
Phylogenetic analysis was performed targeting the C-terminal amino acid sequence of the G glycoprotein based on the methodology described by Peret et al [27] . For samples obtained at CMCD, phylogenetic analysis was performed using MEGA 4.0 [28, 29] , and the phylogenetic tree constructed using the neighbor-joining method with bootstraps of 500 replicates. For NCH samples, the phylogenetic analysis was performed using MegAlign of Lasergene 8 program suite (DNASTAR, Inc. Madison, WI). Multiple sequence alignment by the CLUSTAL W and phylogenetic tree methods were obtained comparing the sequences from the study samples with gene sequences of human RSV retrieved from GenBank as references [30] . The genotype of each sequence was assigned according to similarity of sequences to the reference strains as well as the phylogenetic relationship.
Microarray Data Processing and Analyses
Blood samples (1-3 mL) were collected in Tempus tubes (Applied Biosystems, CA) and stored at −20°C within 2-4 hours of collection for further processing in batches. Blood RNA was processed and hybridized into Illumina Human HT12 V4 beadchips (47 323 probes) and scanned on the Illumina Beadstation 500, as described [31, 32] . Illumina GenomeStudio software was used for background subtraction and to scale average signal intensities. Briefly, we selected transcripts that were "present" in ≥10% of the samples (PAL10%; 16 049 transcripts). Raw expression values below 10 were set to 10 and the data was log 2 -transformed, as described [25, 26] . For data analyses, we used the limma package in R and applied supervised class comparisons using stringent statistical filters (Benjamini-Hochberg corrected P value < .01, ≥1.25 fold change) to identify transcripts differentially expressed in infants with RSV A or B bronchiolitis, and those infected with GA2, GA5, and BA versus healthy controls [26] . Functional gene analyses were performed using modular repertoires as described [31] [32] [33] . This data-driven approach is based on clusters of coordinately expressed genes (modules) that share the same biological function. The list of modular content and annotations is available at http://www.biir. net/public_wikis/module_annotation/V2_Trial_8_Modules. The data are deposited in the NCBI Gene Expression Omnibus (GEO accession number: GSE103842).
Statistical Analysis
We used descriptive statistics to summarize the demographic data and patients' baseline characteristics. Mann-Whitney or Kruskall-Wallis tests for continuous variables, and the Fisher's exact or Χ 2 test for categorical data were used to compare the different groups. The Benjamini-Hochberg test was applied to correct for multiple comparisons when analyzing families that included multiple parameters (ie, interferon or inflammation modules) and adjusted P values (aP) were reported. We performed multivariable logistic regression analyses to determine if viral factors independently predicted the risk of severe disease defined as length of hospital stay and PICU admission. Firth's penalized likelihood correction was used for PICU admission to avoid small sample size bias. Variables that were significant in univariate analyses (P < .2) or were biologically meaningful were introduced in the models and included: age (months), gender, clinical disease severity score (which was dichotomized as mild [≤5] versus moderate/severe [>5-15]), RSV genotypes, and viral genomic loads. Associations of predictors with primary outcomes were displayed using relative risk (RR) and 95% confidence intervals (CIs) for length of hospitalization (as continuous outcome) or odds ratios (OR) for PICU admission. Predictor variables with 2-sided P values < .05 and multivariate RR/OR with 95% CIs not including 1 were considered significant. Statistical analyses were performed using SAS 9.3 (SAS Institute Inc, Cary, NC).
RESULTS

Study Subjects
From 1 March 2004 to 30 April 2011, we enrolled 281 infants hospitalized with RSV bronchiolitis. We excluded 28 children from the analyses as outlined in Figure 1 : 22 with underlying chronic medical conditions, and 6 with dual RSV A and B infections. The median and IQR age of the remaining 253 children included in further analyses was 2.1 (IQR, 1.1-4.0) months; 57% were males and 62% were white (Table 1) .
Patient Characteristics According to RSV Types and Genomic RSV Loads
During each of the 5 respiratory seasons studied, there was cocirculation of both RSV types, RSV A and B ( Figure 2A) ; however, RSV A infections were significantly more frequent than RSV B (69% vs 31%; P < .001).
Comparing the baseline demographic characteristics and parameters of disease severity between patients with RSV A (n = 175) and RSV B infection (n = 78), there were no significant differences with regards to age or gender, but there were differences in race/ethnicity between groups, likely related to the enrollment site (Table 1) . Breastfeeding history, second-hand smoke exposure, attendance to day care, and number of siblings were comparable between groups. Infants infected with RSV A or B presented to the hospital with a median of 4 (IQR 3-6) and 5 (IQR 3-7) days of symptoms, respectively (P = .15).
RSV genomic loads in nasal wash samples ranged from 4.4 to 6.6 log 10 RNA copies/mL and were inversely correlated with days of illness before hospital admission (r = −0.22; P < .001). Although viral genomic loads were significantly higher for RSV A versus RSV B infection (6.1 vs 5.3 log 10 copies/mL, respectively; P < .01) and independent of duration of illness, we did not observe differences in clinical disease severity between groups as defined by: CDSS, administration and duration of supplemental oxygen, PICU admission, and duration of hospitalization.
Other viruses were identified in 20% of RSV+ infants, and at similar rates in both RSV types (P = .45). RSV/rhinovirus (16%) followed by RSV/adenovirus (2%) were the most frequent combinations. Sensitivity analyses excluding infants with viral codetection showed comparable results, and confirmed that genomic loads were higher in infants with RSV A versus RSV B, but disease severity was similar irrespective of the viral type (data not shown).
Patient Characteristics According to RSV Genotypes
We next analyzed the variability of RSV genotypes over time ( Figure 2B ), and determined whether the different genotypes and viral loads from a specific genotype were associated with disease severity. Overall, there was a greater variability among RSV A isolates. During the initial years of the study (2004 to 2006) the predominant RSV A genotype was GA5, which was replaced by the GA2 genotype in 2007. RSV A GA7 was identified in one patient during the first study season, and the newly identified Figure 3A) .
Demographic characteristics and disease severity parameters according to the 3 most frequent genotypes (GA2, GA5, and BA) are shown in Table 2 . We found significant differences in terms of race/ethnicity with a higher proportion of infections due to the GA2 genotype in white children, while GA5 was most commonly identified in Hispanic children, possibly associated with the enrollment site (Ohio versus Texas). Infants infected with RSV BA had symptoms for a longer time before hospitalization and also had lower viral loads compared with those infected with the GA2 or GA5 genotypes ( Figure 3B ). Nevertheless, disease severity assessed by the CDSS, administration of supplemental O 2, PICU admission, and duration of hospital stay were not influenced by the viral genotype or genotype-specific viral load.
Host Transcriptional Profiles According to RSV Types and Genotypes
To define the host systemic immune response according to the different RSV types and genotypes, blood transcriptional profiles were analyzed in a subset of infants with RSV bronchiolitis with available samples. These 62 infants were enrolled during the last study season (2010-2011) along with 12 healthy asymptomatic age-matched controls (Supplementary Table S2 ). Of the 62 infants with RSV LRTI analyzed, 49 (79%) were infected with RSV A (GA2 n = 43, GA5 n = 5, nontyped n = 1) and 13 (21%) with RSV B (BA n = 12, nontyped n = 1).
Statistical group comparisons (Benjamini-Hochberg corrected FDR <0.01 and ≥1.25 fold change) using linear mixed models identified 1234 transcripts differentially expressed between 49 infants with RSV A and healthy controls, and 640 transcripts between 13 infants with RSV B and controls. These transcripts Within RSV A genotypes, GA2 was the most commonly identified in 75% of children, followed by GA5 in 19% of patients. Of the 11 remaining RSV A genotypes, 1 corresponded to RSV GA7, 1 to the newly identified ON1 genotype, and 5% were not typed. Within the RSV B types, 88% corresponded to the BA genotype, 1 to RSV GB3, 1 to SAB1, and 9% were not typed. B, RSV genomic loads (vertical [y] axis) according to the 3 main genotypes BA (light red), GA2 (dark blue), and GA5 (light blue). Analyses performed using Kruskal-Wallis test following Benjamini-Hochberg to adjust for multiple comparisons. * Adjusted P < .05 was considered significantly different.
were combined using a Venn diagram that yielded a total of 1394 transcripts identified in RSV A or B infection ( Figure 4A ). To further characterize the biological significance of the RSV A and B profiles and the function of the differentially expressed genes, we applied a modular analytical tool [33] . Modular profiles were derived separately for RSV A and B infection in comparison with healthy age-matched controls ( Figure 4B ). Infants with RSV A infection demonstrated significantly greater overexpression of interferon, inflammation, and neutrophil modules (adjusted (a) P values < .01) compared with RSV B, while no significant differences were observed in adaptive immunity-related modules. We followed a similar approach based on the 3 major genotypes identified: GA2, GA5, and BA ( Figure 4C ). Infants infected with the GA5 genotype demonstrated significantly lower overexpression of interferon-related modules, and also displayed greater activation of neutrophil related transcripts compared to the GA2 and BA genotypes (aP values < .001).
Analyses of Independent Effects in Clinical Outcomes
Independent predictors of disease severity were analyzed using multivariable logistic regression analyses. We selected 2 clinical outcomes, length of hospital stay and PICU admission, as indicators of severe disease. Age, gender, the CDSS, which was dichotomized into mild (0-5) versus moderate-severe (6-15), RSV genomic loads, and the most relevant RSV genotypes (GA2, GA5, and BA) were included in the models as covariates.
Younger age, a CDSS severity score >5 and the RSVA/GA5 genotype were significantly associated with prolonged length of hospital stay. On the other hand, only the CDSS >5 was a predictor of admission to the PICU (Table 3) . Specific genotype viral loads were not significantly associated with the clinical outcomes evaluated (data not shown).
DISCUSSION
The main purpose of this study was to define the variability of RSV A and B genotypes over time, to assess whether RSV types and genotypes and viral loads were associated with disease severity, and to determine whether the RSV types and genotypes identified induced distinct host immune profiles. We found that both RSV types cocirculated during each of the seasons analyzed, but RSV A consistently predominated over RSV B infections. The main RSV B genotype, BA, was identified at similar rates across the 5 study years. However, RSV A/GA5, which was the predominant RSV A genotype initially, was replaced by GA2 during the last 3 study seasons. Although we did not observe an overall association between RSV genomic loads and disease severity, infection with RSV A/GA5 was independently associated with worse clinical outcomes, as well as a distinctive host immune profile characterized by greater overexpression of neutrophil genes and less activation of interferon-related genes. Previous studies have evaluated the association between RSV loads and disease severity with conflicting results [10, 19, [34] [35] [36] [37] [38] [39] [40] . While some studies found significant correlations between viral loads and clinical severity, others failed to identify such associations. A multicenter prospective cohort study that included more than 1500 children <2 years of age hospitalized with RSV bronchiolitis found that children with higher genomic loads had a higher risk of PICU admission, assisted ventilation (CPAP or intubation), and longer hospital stay, despite having similar clinical disease severity at the time of presentation [38] . On the other hand, 2 large studies recently conducted in children <5 years of age with LRTI/pneumonia in developing countries, did not show significant associations between RSV genomic loads and any of the clinical outcomes evaluated, including PICU admission, mechanical ventilation, length of stay, or death [39, 41] . In the present study, although genomic loads were higher in infants with RSV A versus RSV B infection, we did not find significant associations between overall RSV genomic loads or specific genotype loads and more severe clinical illness. This may be attributed to the smaller sample size of our study, and possibly to the fact that viral replication is a dynamic process and although patients were enrolled and sampled within 24 hours of hospitalization, they were hospitalized at different times during the course of their illness.
The association between RSV types (A or B) and disease severity has also been studied. Although some studies showed worse disease severity among children with RSV A infections, other studies have not supported those findings [2] [3] [4] [5] [6] [7] [8] 42 ]. In the present study, the clinical presentation and overall disease severity of children hospitalized with RSV A or B infections were similar. The different results with regards to viral loads and RSV types between previous studies and the present one could be attributed to differences in study design, such as the indicators of disease severity analyzed, the patient populations included (because some studies included infants with underlying diseases or were focused on the outpatient setting), the assays used to measure RSV loads (plaque assay, reflective of infectious load, versus semiquantitative or quantitative real time PCR, which measures genomic loads), or the differences in duration of symptoms at the time of study enrollment and sampling. Studies to determine the genetic diversity of RSV strains over time have been conducted worldwide. In the majority of those studies, RSV detection and genotyping was performed either as part of a respiratory viral surveillance program, usually targeting children <5 years of age or older, including small sample sizes, or by analyzing respiratory samples already collected per standard of care, which may underestimate the burden of RSV genotypes in infants and young children with RSV infection [9, 11, 12, 16, [42] [43] [44] [45] [46] [47] [48] . In the present study we followed a different approach, by prospectively enrolling a large population of previously healthy infants hospitalized with RSV bronchiolitis and analyzing in detail the association between RSV types, RSV genotypes, and genotype-specific viral loads and disease severity over several respiratory seasons. Nevertheless, in agreement with those studies, we observed a replacement of the predominant GA5 genotype Supplementary Table S1 .
Limited data derived from in vitro and animal models suggest that, depending on the infecting RSV strain, host responses may be different. A549 cells infected with 2 different RSV B clinical strains showed differences in interleukin-6 (IL-6) production [17] , and on the other hand infection of well-differentiated pediatric bronchial epithelial cells showed that the GA5 strain was associated with greater epithelial sloughing and goblet cell hyperplasia than the laboratory-adapted GA1 strain [49] . In mice, greater IL-13 production, airway mucin expression, and tachypnea were observed after inoculation with different RSV A clinical isolates [50] . We took a different approach to determine whether RSV types or genotypes were associated with distinct host responses, and analyzed in a subset of infants the global host systemic immune response by RNA transcriptional profiling. Compared with the GA2 or BA genotypes, infants infected with RSV GA5 showed decreased induction of interferon expression, while there was enhanced overexpression of neutrophil-related genes. Moreover, these infants also displayed greater clinical severity as shown by their longer length of hospital stay, adjusted for all other covariates. Taken together, these data suggest the possibility of RSV strain-specific differences in disease pathogenesis that contribute to clinical severity.
Our study has limitations. As mentioned above, nasopharyngeal aspirates were collected at a single time point, and thus we could not assess viral load dynamics in relation to disease severity. However, 2 of our main objectives were to determine whether RSV genotypes and genotype-specific genomic loads measured at enrollment were associated with enhanced disease severity. Our study was conducted in 2 centers in the United States, included a convenience sample of hospitalized children, and thus may not be generalizable. Nevertheless, we enrolled a relatively large cohort of infants and young children (median age of 2.1 months) without underlying diseases, of different backgrounds, and over 5 respiratory seasons. While the CDSS was consistently associated with the 2 major clinical outcomes evaluated, infection with the RSV A/GA5 genotype was significantly associated with prolonged length of stay, but not with PICU admission. This particular genotype and other viral proteins may account for differences in disease severity, by modulating the host immune response, which deserves further studies.
In conclusion, RSV types A and B cocirculated during each respiratory season without a clear association between RSV types, genomic loads, or specific genotype loads and disease severity. On the other hand, the RSV A genotype GA5, which predominated during the initial study years, was associated with distinct host immune profiles and independently predicted prolonged length of hospitalization, an important indicator of disease severity. Further studies, including sequential sampling, sequencing other viral genes, and enrolling infants representative of the whole disease spectrum, are warranted.
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